Introduction {#s1}
============

Inflammatory bowel disease (IBD) is characterized by chronic and relapsing inflammation of the gastrointestinal tract which is associated with an increased risk of developing colitis-associated cancer [@pone.0079182-Bernstein1], [@pone.0079182-Westbrook1]. There are a number of animal models, including those with inflammatory disease components, being used to investigate colon cancer [@pone.0079182-Mladenova1], [@pone.0079182-Kanneganti1], [@pone.0079182-Washington1] and these models recapitulate different aspects of colitis and associated cancer in humans [@pone.0079182-Washington1]. Varied mechanisms influence the initiation and progression of tumors in these models including genetic susceptibility, inflammation, and use of carcinogens, however, not all aspects of the human disease are practical or convenient to study in any one model [@pone.0079182-Washington1]. Further refinement and characterization of current animal models, as well as investigation of new models, is warranted in order to recapitulate the diverse aspects of the human disease [@pone.0079182-Washington1], [@pone.0079182-Boivin1].

Altered TGFβ signaling has been associated with bowel inflammation as well as the development of colon cancer [@pone.0079182-Mladenova1], [@pone.0079182-Bierie1], [@pone.0079182-Lampropoulos1]. TGFβ signaling under normal conditions is important in maintaining intestinal homeostasis by skewing gut immune responses toward a tolerogenic state [@pone.0079182-Mladenova1], [@pone.0079182-Xavier1], [@pone.0079182-Maloy1]. In the context of chronic bowel inflammation, alteration or loss of TGFβ-mediated immune regulation in combination with the effects of dysregulated TGFβ signaling in damaged epithelium and the resulting insufficient control of cell growth, can lead to tumor development [@pone.0079182-Bierie1]. The most common type of TGFβ signaling alteration in human colon cancer is via mutations in the TGFβ type II receptor, present in 30% of all colorectal cancers [@pone.0079182-Lampropoulos1]. Additionally, mutations or loss of heterozygosity in the Smad2 or Smad4 genes, which are both involved in TGFβ signal transduction [@pone.0079182-Xu1], are also present in human colon cancers [@pone.0079182-Lampropoulos1]. In mice, deletion of TGFβRII in colonic epithelium leads to development of carcinoma in animals either treated with carcinogen or that are genetically susceptible to polyp formation via APCmin [@pone.0079182-Munoz1], [@pone.0079182-Biswas1]. Studies in compound mutant mice (*Apc^−/−^* and *Smad4^−/−^)* indicate that mutations in *Smad4*, which encodes a protein involved in TGFβ signaling, play a significant role in malignant progression of colorectal tumors [@pone.0079182-Takaku1]. Deficiency in another TGFβ signaling molecule, SMAD3, also leads to development of metastatic colorectal cancer [@pone.0079182-Zhu1].

We have previously demonstrated that development of colitis and colon cancer in *Smad3^−/−^* mice [@pone.0079182-MaggioPrice1], [@pone.0079182-MaggioPrice2] requires a trigger, such as infection with enterohepatic *Helicobacter*, to induce disease and others have shown that dextran sodium sulfate (DSS) serves as a chemical trigger to induce colon cancer in *Smad3^−/−^* mice [@pone.0079182-Deane1]. DSS is a popular means to induce bowel damage and subsequent inflammation in a number of models [@pone.0079182-Perse1]. Our studies reported here further characterize DSS-induced colitis and cancer in *Smad3* ^−/−^ mice. We provide details on the gross, histopathologic and immunohistochemical findings demonstrating a spectrum of lesions ranging from acute and chronic colitis, crypt herniation, repair, dysplasia, adenomatous polyps, disseminated peritoneal adenomucinosis, adenocarcinoma, mucinous adenocarcinoma (MAC) and squamous metaplasia; additionally some animals displayed features of CCP and PMP.

Methods {#s2}
=======

Ethics Statement {#s2a}
----------------

All animal studies were performed with strict adherence to the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health. All animal procedures were approved by the University of Washington Animal Care and Use Committee under protocol \#2436-12.

Mice, Diets and Induction of Colitis {#s2b}
------------------------------------

*Smad3* ^−/−^ (129S2/SvPasIco-*Madh3^tm1Par^*/J) mice [@pone.0079182-Zhu1] were originally obtained from the Jackson Laboratory (Bar Harbor, ME) and generated using heterozygous or homozygote breeding trios [@pone.0079182-MaggioPrice1] at the University of Washington (UW). *Smad3/Rag*-*DKO* mice were generated by intercrossing *Smad3^−/−^* mice with *Rag2* ^−/−^ (129S6/SvEvTac-*Rag2tm1Fwa*) mice [@pone.0079182-MaggioPrice2]. Animals were housed in static micro-isolator (Alternative Design, Siloam Springs, AR) or individually ventilated cages (Allentown, Allentown, NJ ) containing corncob bedding (Andersons, Maumee, OH) and nestlets. Mice were fed autoclaved rodent chow (Animal Specialties, Portland, OR), irradiated Picolab Rodent Diet 20 \#5053 (Lab Diet, St. Louis, MO ) or AIN93M (LabDiet/TestDiet, St. Louis, MO). Study animals were placed on autoclaved, acidified (pH 2.4--2.8) water in water bottles. Animals were maintained in a specific pathogen free facility within a *Helicobacter spp*.-free room. Sentinel mice (IcrTac:ICR from Taconic Farms (Albany, NY)) were tested every 3--4 months and were free from multiple viruses as previously published [@pone.0079182-Lencioni1] in addition to lymphocytic choriomeningitis virus, ectromelia virus, minute virus of mice and mouse norovirus. Also, yearly fecal colon samples were screened for *Citrobacter rodentium*, nonlactose fermenting *Escherichia coli*, *Salmonella spp*., *Klebsiella spp*., and *Clostridium spp*. (Phoenix Laboratories, Everett, WA). Mice were confirmed to be free of *Helicobacter spp*. by fecal PCR (primer sequences published in Burich et al. [@pone.0079182-Burich1]).

For colitis induction via dextran sodium sulfate (DSS), DSS (36,000--50,000 MW, cat \# 0216011090, MP Biomedicals, Solon, OH) was prepared as a stock solution in autoclaved distilled water which was then diluted into autoclaved, acidified water from the animal facility and placed into autoclaved water bottles. 3% DSS in drinking water was given for 7 days. 1.5% DSS was given either as a single exposure for 7 days, or in 2--9 cycles where each exposure was given for 3--7 days followed by 14 days of untreated water before the start of the next cycle. Negative control animals received untreated water for the duration of the experiment. Age of the animals at the initiation of studies varied. Animals were weighed weekly and were also monitored for other disease symptoms including diarrhea, blood in feces, rectal prolapse, dehydration, and decreased body condition. Animals were monitored daily during peak of disease. Animals were euthanized when they developed 20% body weight loss or signs of severe disease (rectal prolapse, bloody diarrhea, loss of body condition), and tissue samples collected.

Histopathology and Immunohistochemisty {#s2c}
--------------------------------------

Animals were sacrificed by CO~2~-asphyxiation and cardiocentesis and necropsy performed. The gastrointestinal tract was isolated and the colon separated from the cecum. Samples of colon, cecum and occasionally mesenteric lymph nodes were placed into 10% neutral buffered formalin. The colon was prepared in a "Swiss roll" technique [@pone.0079182-Moolenbeek1], routine-processed for paraffin embedding and stained with hematoxylin and eosin. Cecum and colon were scored by PMT blinded to experimental groups. IBD scores were based on the severity of mucosal loss, mucosal epithelial hyperplasia, degree of inflammation and extent of pathology as modified from Fort et al. [@pone.0079182-Fort1] and are further described in [**Table 1**](#pone-0079182-t001){ref-type="table"} and illustrated in the figures. Dysplasia, described in [**Table 2**](#pone-0079182-t002){ref-type="table"}, was classified according previously published criteria [@pone.0079182-Washington1], [@pone.0079182-Boivin1] with the conservative modification that only frankly invasive lesions into and beyond the *tunica muscularis* and into the serosa were classified as neoplasia [@pone.0079182-MaggioPrice2]. This conservative schema was employed to exclude the possibility of including pseudoherniation in the invasive lesion count. Because invasive lesions were often multifocal and variable in development, they were size-weighted and summed across all portions of the large bowel (cecum, proximal, mid and distal colon). Sizing scores were set as follows: 1∶2--3 crypts not penetrating serosa; 2∶4+ crypts not penetrating serosa; 3: \<10 crypts penetrating serosa; 4: \>10 crypts penetrating serosa or subgrossly visible serosal mass. Distribution score was determined by adding the number of colon segments affected by high grade dysplasia (grade 3 or 4). The maximum possible distribution score is 4. Metaplastic squamous epithelial lesions in the distal colon and rectum were also evaluated and scored as in [**Table 3**](#pone-0079182-t003){ref-type="table"}. Dysplastic change in the squamous metaplasia was scored on a 0--4 scale, however the maximal dysplasia score in this study was 2.

10.1371/journal.pone.0079182.t001

###### Grading of DSS IBD.

![](pone.0079182.t001){#pone-0079182-t001-1}

  Mucosal loss[\*](#nt101){ref-type="table-fn"}    Hyperplasia[\*](#nt101){ref-type="table-fn"}                Inflammation[\*](#nt101){ref-type="table-fn"}                Extent[\*](#nt101){ref-type="table-fn"},[\*\*](#nt102){ref-type="table-fn"}
  ----------------------------------------------- ---------------------------------------------- ------------------------------------------------------------------------- -----------------------------------------------------------------------------
  0- none                                                            0- none                                                      0- none                                                                     0- none
  1- mild \<5%                                                       1- mild                                                1- mild mucosa only                                                               1- \<5%
  2- moderate 6--30%                                               2- moderate                                       2- moderate mucosa and submucosa                                                        2- 6--30%
  3- marked 31--60%                                       3- severe with aberrant crypts                            3- severe with abscesses, erosions                                                      3- 31--60%
  4- severe \>61%                                           4- severe with herniation             4- severe with obliteration of architectureand ulceration or transmural                                    4- \>60%

These are scored for each section of large bowel (cecum, proximal colon, mid colon and distal colon) and summed for total IBD score.

Two extent scores are included in the IBD score. Extent 1 =  % of intestine affected in any manner; Extent 2 = % percent of intestine affected by the most severe score.

10.1371/journal.pone.0079182.t002

###### Dysplasia and invasive neoplasia scoring schema.

![](pone.0079182.t002){#pone-0079182-t002-2}

  Dysplasia score[a](#nt103){ref-type="table-fn"}                             Invasive tumor size weight[b](#nt104){ref-type="table-fn"}
  --------------------------------------------------------------------- ----------------------------------------------------------------------
  0- no dysplasia                                                             1- few cells to 3 crypts penetrating the tunica muscularis
  1- indefinite low grade due to active inflammation/ulcers                             2- 4+ crypts within tunica muscularis
  2- low grade (includes atypical hyperplasia and adenomas)                          3- \<10 crypts penetrating tunica muscularis
  3- high grade (includes adenomas and non-invasive carcinomas)          4- \>10 crypts penetrating serosa or visible serosal mass subgrossly
  4- high grade with invasion^C^ beyond tunica muscularis (carcinoma)   

dysplasia score is assigned 0--4 for each section of large bowel, summed dysplasia are the sum of the scores in the individual segments (cecum, proximal colon, mid colon, distal colon).

number of invasive tumors is multiplied by size weight in each segment of the large bowel (cecum, proximal colon, mid colon, distal colon). Invasive tumor score is the sum of these values across the bowel).

diagnostic criteria for hyperplasia, adenoma, carcinoma and to distinguish invasion vs. pseudoinvasion (herniation) after Boivin et al 2003.

10.1371/journal.pone.0079182.t003

###### Distal squamous cell metaplasia score[\*](#nt106){ref-type="table-fn"}.

![](pone.0079182.t003){#pone-0079182-t003-3}

  Metaplasia (0--4)                                                         Extent[\*\*](#nt107){ref-type="table-fn"}        Dysplasia[\*\*\*](#nt108){ref-type="table-fn"}
  ------------------------------------------------------------------------ ------------------------------------------- -----------------------------------------------------------
  0- normal                                                                                  0-none                                          0- no dysplasia
  1- few glands with metaplasia yet no increased thickness of the mucosa                     1- \<5%                    1- indefinite low grade due to active inflammation/ulcers
  2- few glands or increased thickness to 2X normal                                         2- 6--30%                                         2- low grade
  3- multifocal to coalesced, thickness 2--3X normal                                       3- 31--60%                                         3- high grade
  4- \>3X normal thickness and/or presence of squamous pearls                               4- \>60%                             4- high grade with invasion (carcinoma)

Squamous cell metaplasia score was generated by adding the metaplasia score and two extent scores.

Extent is for the distal half of the distal colon where longitudinal mucosal folds start. Two extent scores are included in the total squamous metaplasia score. Extent 1 =  % of distal colon affected in any manner; Extent 2 = % percent of distal colon affected by the most severe score.

The highest grade dysplasia noted in the *Smad3* ^−/−^ studies was 2 (low grade) but the higher scores are included here for completion.

Immunohistochemistry (IHC) was performed at the University of Washington Histology and Imaging Core Research Laboratory. The following reagents and antibodies were used: rabbit anti-bovine cytokeratin (Cat \# Z0622, Dako North America, Inc., Carpinteria, CA), rat anti-mouse Galectin-3 (Clone M3/38, Cat \# CL8942AP, Cedarlane Laboratories USA Inc, Burlington, NC), rat anti-mouse F4/80 (Clone BM8, Cat \# MF48000, Invitrogen, Grand Island, NY), unconjugated anti-rat IgG (H+L), mouse adsorbed, made in rabbit (Cat \# AI-4001, Vector Laboratories, Burlingame, CA), Normal Rabbit IgG (Cat \# AB-105-C, R&D Systems, Minneapolis, MN), Rat IgG2b isotype control (Cat \# 553986, BD Biosciences, San Jose, CA), Hematoxylin Stain Solution, Harris Non-Mercuric (Cat \# 12013, Newcomer Supply, Middletown, WI) and Bond Hematoxylin Counterstain. All staining procedures were run on a Leica Bond Automated Immunostainer (Leica Biosystems, Buffalo Grove, IL) with Leica Bond reagents. Antibodies were detected with Bond Polymer DAB Refine and Bond Mixed Refine (DAB) detection buffers. Slides were counterstained with a hematoxylin counterstain.

Statistical Analysis {#s2d}
--------------------

Survival curves were compared using Mantel-Cox Log Rank test in GraphPad prism (GraphPad Software Inc., La Jolla, CA). Animals that died prior to the endpoint that were not confirmed IBD-related deaths were censored. IBD scores, tumor scores, summed dysplasia and distribution scores of DSS-treated mice were compared using Mann-Whitney T test. Four comparisons were made, 1) 1.5% DSS *Smad3* ^−/−^ vs. 1.5% DSS *Smad3/Rag-DKO* 2) 1.5% *Smad3* ^−/−^ vs. DSS cycles *Smad3* ^−/−^3) DSS cycles *Smad3* ^−/−^ vs. DSS cycles *Smad3/Rag-DKO* and 4) 1.5% *Smad3/Rag-DKO* vs. DSS cycles *Smad3/Rag-DKO*. Wilcoxon signed rank test was used to determine if treatment groups were significantly different from zero. Data were tested for normality and equal variances using the D'Agostino and Pearson omnibus normality test and Bartlett's test, respectively, using Graphpad Prism 5 software. Even with data transformation, the data did not satisfy the conditions for parametric or nonparametric ANOVA. Incidence of dysplasia and invasive tumors in treatment groups was compared by Fisher exact test. Statistical analysis was done using Graphpad Prism 5 or Excel 2007.

Results {#s3}
=======

*Smad3* ^−/−^ Mice are Highly Susceptible to DSS-induced Colitis and Colon Cancer compared with *Smad3* ^+/−^ Animals {#s3a}
---------------------------------------------------------------------------------------------------------------------

*Smad3* ^−/−^ mice are exquisitely sensitive to damage by exposure to DSS. In initial experiments 3% DSS was given for 7 days. This treatment regimen was similar to one previously used in wild-type 129/SvPas mice (3.5% wt/vol DSS for 5 days) where no mortality occurred after treatment [@pone.0079182-Mahler1]. Deane et al. also used 2.5% DSS for 7 days treatment in *Smad3* ^−/−^ mice; however, this study did not discuss disease severity or mortality [@pone.0079182-Deane1]. Using this regimen (3% DSS), *Smad3* ^−/−^ mice developed rapid, severe clinical disease characterized by weight loss, bloody diarrhea and dehydration. This differed significantly from our previously described induction of disease in this strain using *H. bilis,* in which there is rare mortality and colitis clinically resolves yet is followed by tumor development [@pone.0079182-MaggioPrice1]. Signs of colitis also developed in *Smad3^+/−^* mice, however, on average, clinical signs such as weight loss and presence of bloody diarrhea were less severe compared to *Smad3* ^−/−^ mice. By one week post DSS administration, body weights of 7/11 *Smad3* ^−/−^ and 5/16 *Smad3^+/−^* mice had dropped below initial body weight resulting in an average weight change ([**Figure 1A**](#pone-0079182-g001){ref-type="fig"}) of minus 3.6% (n = 11) in *Smad3* ^−/−^ mice, compared to a 2.2% (n = 16) average weight gain in *Smad3^+/−^* animals receiving DSS treatment. By two weeks post DSS 3/16 *Smad3^+/−^* and 5/11 *Smad3* ^−/−^ mice had been euthanized. Body weights of 7/13 *Smad3^+/−^* and all of the remaining *Smad3* ^−/−^ mice had gone below initial starting weight. By three weeks, body weights of most surviving animals had started to recover ([**Figure 1A**](#pone-0079182-g001){ref-type="fig"}). Survival analysis demonstrated reduced survival in *Smad3* ^−/−^ mice (median survival 2.57 weeks post DSS administration, n = 11) compared to *Smad3^+/−^* mice (median survival was undefined as 13/16 mice survived to the study endpoint at 33 weeks, [**Figure 1B**](#pone-0079182-g001){ref-type="fig"}). Two *Smad3^−/−^* animals in this study lived long enough to develop invasive neoplasia; one tumor was found in an animal necropsied 4 weeks post DSS treatment and the other animal survived to 27 weeks and also developed tumors. In our colony, *Smad3^−/−^* mice (9 months and older) given untreated water and maintained *Helicobacter*-free do not develop colitis or colon cancer [@pone.0079182-MaggioPrice1].

![*Smad3^−/−^* mice are more susceptible to DSS-induced colitis and cancer than *Smad3^+/−^* mice.\
(A) Percent weight change of *Smad3^+/−^* and *Smad3^−/−^* mice treated with 3% DSS in drinking water for 7 days. Mice were euthanized when they reached endpoint criteria as outlined in Methods. week 1, n = 16 and n = 11; week2, n = 13 and n = 6; week3, n = 13 and n = 4; week 5 and after, n = 13 and n = 3 (*Smad3^+/−^* and *Smad3^−/−^*, respectively). (B) Survival analysis of mice treated with 3% DSS in (A). Endpoint 33 weeks. (C) Survival analysis (27 week endpoint) of *Smad3^+/−^* and *Smad3^−/−^* animals treated with 9 cycles of DSS. IBD score (D), Summed dysplasia score (E) and Invasion score (F) of same study as in (C). P-values (D--F) derived from a Mann-Whitney test.](pone.0079182.g001){#pone-0079182-g001}

Although our results indicated that *Smad3* ^−/−^ mice were more susceptible to DSS colitis than *Smad3* ^+/−^ mice, the majority of DSS-treated *Smad3* ^−/−^ mice in this study did not survive long enough to develop dysplasia or colon tumors. Hence, we explored a reduction in DSS dosing, along with multiple rounds of treatment in *Smad3* ^−/−^ animals to characterize dysplasia and tumor development. Cyclical administration of 1.5% DSS resulted in less severe clinical disease and all DSS-treated mice (17 *Smad3* ^−/−^ and 7 *Smad3^+/−^*) lived to at least 18 weeks post initial DSS exposure. Mice were followed for a total of 27 weeks. Generally, mice gained weight and average percent weight gain was not statistically different between *Smad3* ^−/−^ and *Smad3* ^+/−^ mice (data not shown). Despite reduced dosing with DSS leading to decreased symptoms of acute disease and increased survival, care had to be taken to closely match feed and caging conditions between studies to ensure survival past the acute phase of disease. We found that both diet and caging conditions significantly impacted disease severity in response to treatment with 1.5% DSS (**[Figure S1](#pone.0079182.s001){ref-type="supplementary-material"}**), indicating that titration of DSS exposure may be required as housing conditions of animals are changed. Although most *Smad3^−/−^* mice survived to endpoint, disease signs consistent with tumor development (diarrhea, hunched posture, blood in feces, weight loss, palpable mass in abdomen) necessitated euthanasia of 5/17 *Smad3* ^−/−^ mice (between 19.4 to 25.6 weeks) prior to the study endpoint of 27 weeks ([**Figure 1C**](#pone-0079182-g001){ref-type="fig"}).

DSS Induced IBD, Dysplasia and Colonic Tumors in *Smad3* ^−/−^ Mice and Mild to Moderate Disease in *Smad3^+/−^* Mice {#s3b}
---------------------------------------------------------------------------------------------------------------------

To characterize the histopathological changes associated with DSS-induced disease in *Smad3* ^−/−^ mice and *Smad3^+/−^* mice, large bowel from each animal were scored for IBD, dysplasia and invasive neoplasia. Endpoint IBD scores were significantly increased in *Smad3* ^−/−^ mice compared to *Smad3^+/−^* mice (mean IBD score = 27 vs. 12.6, respectively, *P* = 0.0373, [**Figure 1D**](#pone-0079182-g001){ref-type="fig"}). Summed dysplasia scores (described in [**Table 2**](#pone-0079182-t002){ref-type="table"}) are shown in [**Figure 1E**](#pone-0079182-g001){ref-type="fig"}. Dysplasia scores in *Smad3* ^−/−^ mice correlated with IBD scores (Spearman's r = 0.8904, *P*\<0.001) and were significantly higher (*P* = 0.0176) than dysplasia scores in Smad3^+/−^ mice (mean dysplasia score = 5.7 vs. 0.71). Likewise, invasion scores ([**Figure 1F**](#pone-0079182-g001){ref-type="fig"}) also correlated with IBD scores (Spearman's r = 0.7921, *P* = 0.0004) and were significantly increased in *Smad3* ^−/−^ versus Smad3^+/−^ animals (*P* = 0.0158). Invasive carcinoma was detected in only 1/7 (∼14%, proximal colon mucinous adenocarcinoma) *Smad3* ^+/−^ mice necropsied at the experimental endpoint (27 weeks) compared to *Smad3^−/−^* mice, where 10/15 animals (∼67%) developed invasive carcinoma (*P* = 0.0635). DSS-induced a wide spectrum of large bowel disease in *Smad3* ^−/−^ mice as described further below.

Repeated DSS Exposure as well as Lack of T and B cells Increases Disease Severity in *Smad3* ^−/−^ Mice {#s3c}
-------------------------------------------------------------------------------------------------------

In order to investigate the role of T and B cells in inflammation and tumor development in this model, we compared DSS-induced disease in *Smad3* ^−/−^ and *Smad3/Rag-DKO* mice using two different DSS regimens (single cycle of 1.5% DSS for 7 days or 9 cycles of 1.5% DSS). A comparison of scores between *Smad3* ^−/−^ and *Smad3/Rag-DKO* mice are shown in [**Figure 2**](#pone-0079182-g002){ref-type="fig"}. Exposure to DSS cycles resulted in significantly higher IBD scores in both *Smad3* ^−/−^ and *Smad3/Rag-DKO* mice when compared to single DSS exposures ([**Figure 2A**](#pone-0079182-g002){ref-type="fig"} **)**. IBD scores were not significantly different between DSS-treated *Smad3* ^−/−^ and *Smad3/Rag-DKO* mice ([**Figure 2a**](#pone-0079182-g002){ref-type="fig"}), although increased invasion scores, dysplasia scores and distribution of high grade dysplasia were seen in *Smad3/Rag-DKO* when compared to *Smad3^−/−^* ([**Figure 2A--D**](#pone-0079182-g002){ref-type="fig"}). Generally, repeated exposure to DSS (cycles) was associated with higher IBD scores ([**Figure 2A**](#pone-0079182-g002){ref-type="fig"}), invasion scores ([**Figure 2B**](#pone-0079182-g002){ref-type="fig"}), dysplasia scores ([**Figure 2C**](#pone-0079182-g002){ref-type="fig"}) and increased distribution of high grade dysplasia throughout the colon ([**Figure 2D**](#pone-0079182-g002){ref-type="fig"}).

![Histopathology scores of DSS-treated *Smad3^−/−^* and *Smad3/Rag-DKO* mice treated with different doses of DSS.\
*Smad3^+/−^*, *Smad3^−/−^* and *Smad3/Rag-DKO* (DKO) mice were treated with either a single DSS cycle or 9 cycles of DSS. Experimental endpoint was 17 weeks. A) IBD score, B) Invasion score, C) Summed dysplasia score and (D) Distribution score (as described in materials and methods) are shown for individuals in each treatment group. Negative control groups were all statistically different (significance not shown in figure) from their respective DSS-treated group except for untreated water vs. 1.5% DSS *Smad3^−/−^* in (B). *\*P*≤*0.05, \*\*P*≤*0.01.*](pone.0079182.g002){#pone-0079182-g002}

Heterogygosity of *Smad3* does not Confer Susceptibility to DSS-induced Colitis or Tumors {#s3d}
-----------------------------------------------------------------------------------------

In order to determine if heterozygosity for *SMAD3* confers susceptibility of mice to DSS-induced colitis and tumors, *Smad3* ^+/−^ and WT mice were also included in the study shown in [**Figure 2**](#pone-0079182-g002){ref-type="fig"} and were exposed to 1.5%, 3% and repeated DSS cycles **([Figure S2](#pone.0079182.s002){ref-type="supplementary-material"}).** Severity of DSS-induced IBD was not significantly different between *Smad3* ^+/−^ and WT mice regardless of DSS concentration and single or repeated administration (**[Figure S2A](#pone.0079182.s002){ref-type="supplementary-material"}**). Additionally, no invasive neoplasia was detected in *Smad3* ^+/−^ or WT mice at 17 weeks post DSS exposure. However, low grade dysplasia developed in the distal colon of 1/6 and 2/12 3%-DSS-treated *Smad3* ^+/−^ and WT mice, respectively, at the 17-week end point and 1/15 DSS-cycles treated *Smad3* ^+/−^ developed high grade dysplasia (grade 3) in the cecum (**[Figure S2B](#pone.0079182.s002){ref-type="supplementary-material"}**).

Necropsy Findings and Histopathology of DSS-induced Colitis and Tumors in *Smad3* ^−/−^, *Smad3^+/−^*, and *Smad3/Rag-DKO* Mice {#s3e}
-------------------------------------------------------------------------------------------------------------------------------

Acute changes induced by DSS in the *Smad3* ^−/−^ and Smad3^+/−^ mice are consistent with those previously reported in other DSS models [@pone.0079182-Perse1], [@pone.0079182-Okayasu1], [@pone.0079182-Cooper1]. Acute colitis grossly presented with turgid and thickened colons often with contracted ceca and devoid of formed fecal pellets ([**Figure 3A**](#pone-0079182-g003){ref-type="fig"}). Histologically acute lesions included erosive to necroulcerative typhlocolitis with variable intralumenal hemorrhages, fibrin and cellular debris ([**Figure 3 B--D**](#pone-0079182-g003){ref-type="fig"}). In the subacute phase, epithelial proliferation was present and often associated with active areas of ulceration ([**Figure 3E--F**](#pone-0079182-g003){ref-type="fig"}). Over time, the mice developed chronic typhlocolitis with secondary lesions such as intussusceptions, obstruction and serosal masses, however, this was rarely seen in *Smad3^+/−^* animals ([**Figure 4 A--C**](#pone-0079182-g004){ref-type="fig"}). Chronic lesions included mucosal proliferation, dense intramucosal inflammatory infiltrates, epithelial dysplasia, and distal colon squamous metaplasia **(** [**Figure 4 D--I**](#pone-0079182-g004){ref-type="fig"}).

![Characteristics of acute typhlocolitis induced by DSS.\
(A) *Smad3^−/−^*1.5% DSS. Cecum (**Ce**) and colon (**PC**, proximal; **MC**, mid; **DC**, distal; **A**, anus). The cecum is contracted with darkly discolored contents. The colon lacks formed fecal pellets. The mid and distal colon are thickened and turgid. (B) *Smad3^+/−^*3% DSS. Subgross hematoxylin and eosin-stained section of DSS-exposed colon. The cecum has been removed. The mid and distal colon the luminal (**L**) contents are fluid with no formed fecal pellets. The submucosa (arrow) is markedly expanded by edema. (C) *Smad3^+/−^*3% DSS. Mid colon at the junction of erosive mucosal loss and effacement by inflammatory cells adjacent to intact mucosa (M). Note the muscularis mucosae (arrowheads) and the expansion of the submucosa (\*) with inflammatory cells. *Tunica muscularis* as indicted (**TM**). (D) *Smad3^+/−^*3% DSS. Exudate adherent to ulcerated mucosa contains degenerate inflammatory cells, erythrocytes, fibrin and proteinaceous fluid with hazy coccoid bacterial colonies (arrow). (E) *Smad3^−/−^*3%DSS. Chronic-active proliferative and ulcerative colitis. The mucosa adjacent to an ulcer is proliferative with irregular and angular glands with loss of goblet cells, and increased mitotic figures. (F) *Smad3^−/−^*1.5% DSS. Glands adjacent to areas of active inflammation are classified as indefinite for dysplasia due to active inflammatory milieu. Dilated crypt filled with filamentous bacteria with a portion escaping into the adjacent lamina propria/submucosa (arrow).](pone.0079182.g003){#pone-0079182-g003}

![Chronic typhlocolitis and associated secondary lesions induced by DSS.\
(A--C) Examples of chronic lesions. (A) *Smad3^−/−^* DSS cycles. Cecum (Ce) and colon (PC, proximal; MC, mid; DC, distal; A, anus). The arrow and arrow head delineate region presented histologically in (D). (B) *Smad3/Rag-DKO* 1.5% DSS. A large multicystic mass is accompanied by retention of fecal pellets (arrow) consistent with partial obstruction. (C) *Smad3^−/−^* DSS cycles. Multifocal mucin-filled cystic masses (arrows) are present. Ill-formed fecal pellet is present in the mid colon and the distal colon is thickened and opaque. (D--F) Subgross histological sections. (D) Proximal colon see (A). The gross appearance is due to an intussception (**I**) into the dilated distal lumen (**L**). (E) *Smad3^+/−^*3% DSS. Distal colon and anus (**A**). The longitudinal mucosal folds of the distal colon (arrowheads) and the transition from glandular to metaplastic mucosa (asterisk) are indicated. (F) *Smad3^−/−^* DSS cycles. Multifocal mucinous serosal and mesenteric masses (asterisks). The distal colon (**DC**) and pancreas (**P**) are indicated. (G) Chronic severe proliferative and lymphohistiocytic colitis with cryptitis and crypt abscesses. (H) Higher magnification of asterisked region in (E). Inset: Squamous regions may have areas of prominent cornification (right side) and non-cornified areas (left side). Arrow indicates direction of the anus. (I) *Smad3^−/−^*3%DSS.The spectrum of chronic mucosal lesions includes moderate proliferative lymphohistiocytic colitis (arrow head) and atypical glands (\*) that are not associated with active inflammation or ulceration.](pone.0079182.g004){#pone-0079182-g004}

Neoplastic lesions noted in these studies are similar to those we previously reported with *H. bilis* infection [@pone.0079182-MaggioPrice1], [@pone.0079182-MaggioPrice2]. While neoplasia induced by *H. bilis* infection are primarily located in the proximal cecocolic junction [@pone.0079182-MaggioPrice1], the preferred niche for *Helicobacter,* DSS-induced tumors occurred in multiple locations, including the proximal, mid and distal colon ([**Figure 5 A--C**](#pone-0079182-g005){ref-type="fig"}). Grossly, the larger masses were characterized as either multilocular straw-colored gelatinous masses with a grape cluster-like appearance ([**Figure 5A**](#pone-0079182-g005){ref-type="fig"}) or unilocular cream-colored and firm masses ([**Figure 5B and C**](#pone-0079182-g005){ref-type="fig"}) protruding into the serosa and expanding the attached mesentery. Histologically, opaque masses were often inflamed with numerous macrophages and variable neutrophils, whereas clear cysts were characterized as mucin-filled cysts lined by normal to mildly dysplastic epithelium and no associated inflammation. Most well-developed neoplasias were MAC ([**Figure 5 A--I**](#pone-0079182-g005){ref-type="fig"}); rarely, solid adenocarcinomas were also noted ([**Figure 5 J**](#pone-0079182-g005){ref-type="fig"}). The characteristic mucinous adenocarcinomas were composed of multiple mucin-filled cysts, lined by neoplastic epithelial cells and within mesenteric cysts were numerous large round cells with abundant foamy cytoplasm. Cysts were present within and penetrating the colonic muscular tunics and serosa. Often there was marked expansion into and compression of the mesentery and peritoneal structures including lymph nodes and occasionally the pancreas ([**Figure 5D**](#pone-0079182-g005){ref-type="fig"}). Free and dissecting mucus, mucin pools with isolated floating cells and a desmoplastic response were frequent **(** [**Figure 5 G and H**](#pone-0079182-g005){ref-type="fig"}). The epithelium lining the peritoneal cysts varied from well-differentiated to mildly dysplastic colonic epithelium with abundant mucus-producing cells and rare signet rings ([**Figure 5 G--I**](#pone-0079182-g005){ref-type="fig"}). Infrequently, free peritoneal mucous or epithelial lined mucus-filled cysts were noted in an individual animal with no evidence of a primary focus in the tissues examined histologically.

![Mucinous neoplasia and high grade dysplasia induced by DSS.\
(A) *Smad3/Rag-DKO* DSS cycles. A cecal-colic multicystic mass (arrow) is present adjacent to the pancreas (asterisk). (B) *Smad3/Rag-DKO* 1.5%DSS. Multiple serosal masses are indicated on the mid to distal colon. (C) *Smad^−/−^* DSS cycles. A large multicystic mesenteric mass. (D) *Smad^−/−^* DSS cycles. Expansile mass in (A). Pancreas (asterisk) and mesenteric lymph node (upper right). Box region presented in (G). (E) Herniated proliferative mucosa (**H**) with compression the tunica muscularis (**TM**) with preservation of the submucosa (arrowhead). At left are invasive angular glands, dissecting mucin in the TM with focal penetration of the serosa (**S**) and intraperitoneal mucus (asterisk). (F) *Smad^−/−^* DSS cycles. Mesenteric implant of mucinous cysts (asterisk) with mucin-producing epithelial lined glands (arrowheads). Note abscess (**A**) and mesenteric lymph node (**ML**). (G) Boxed region in (D). Note dissecting lakes of mucin and isolated epithelium and epithelial rafts within the cysts. (H) Higher magnification of asterisked region in (F). (I) *Smad3^+/−^*3%DSS. Within mesenteric cysts are free large round cells (arrowhead) and clumps of basophilic cells (arrow) and rare signet rings (inset, Smad3−/− DSS cycles) (J) Foci of high grade dysplasia with in a hyperplastic polyp.](pone.0079182.g005){#pone-0079182-g005}

Patterns of Galactin-3 Staining {#s3f}
-------------------------------

Galactin-3 (gal-3; MAC2) is a β-galactoside-binding lectin present in the nucleus and cytoplasm; it has been linked to the behavior of colon cancer cells with down-regulation noted with tumor invasion and progression [@pone.0079182-Tsuboi1], [@pone.0079182-Lotz1], [@pone.0079182-ArfaouiToumi1]. In contrast, others noted increased gal-3 staining with progression [@pone.0079182-Schoeppner1], [@pone.0079182-Endo1]. To further characterize the mucinous lesions in DSS-treated mice, we examined expression patterns and signal intensity of gal-3 in normal, hyperplastic and neoplastic lesions from three DSS-treated *Smad3^−/−^* and one *Smad3/Rag-DKO* mice. IHC staining for gal-3 demonstrated a spectrum of signal location in stained tissues (nuclear, cytoplasmic, and both nuclear and cytoplasmic) and intensity (light to intense). Staining patterns appeared similar between lesions in *Smad3^−/−^* and *Smad3/Rag-DKO*. There was intense nuclear and lesser cytoplasmic signal in normal well-differentiated colonocytes **(** [**Figure 6A**](#pone-0079182-g006){ref-type="fig"} **)**. With the development of proliferative disease, there was a relative loss of nuclear signal in adenomas to total loss of signal in the invasive crypts deep within the *tunica muscularis* **(** [**Figure 6B--C**](#pone-0079182-g006){ref-type="fig"} **)**. Increased staining was noted in cells within the peritoneal cavity and strong cytoplasmic signal was present in the neoplastic epithelium lining mucinous peritoneal cysts and in free-floating cells within the mucin pools ([**Figure 6C--D**](#pone-0079182-g006){ref-type="fig"} **and** [**7A**](#pone-0079182-g007){ref-type="fig"}). No differential gal-3 staining was noted between untreated *Smad3^−/−^* (n = 2) or untreated WT (n = 2) mice (data not shown). Because both macrophages and colonic epithelium express gal-3 [@pone.0079182-Radosavljevic1], the macrophage specific marker, F4/80, and a wide-spectrum cytokeratin antibody were used to differentiate macrophages from epithelial cells in the mucinous lesions ([**Figure 7 B--C**](#pone-0079182-g007){ref-type="fig"}). The free floating cells were generally macrophages with fewer morphologically viable cytokeratin positive cells noted in the sections examined.

![Patterns of galectin-3 expression.\
*Smad3^−/−^*3% DSS (A--C). Sections of formalin-fixed paraffin-embedded colon from a mouse with regions of normal proximal colon (A) mucosal adenomatous hyperplasia (B) and mucinous adenocarcinoma (C and D) immunohistologically stained for galectin-3. (A) In normal proximal colonic mucosa, galectin-3 expression is restricted to well-differentiated apical colonocytes with strong nuclear and lesser cytoplasmic signal. (B) Within adenomas there is loss of signal in the proliferative cells (arrows, mitotic figures) and staining cytoplasmic signal with indistinct to absent nuclear signal. (C) Within invasive crypts deep within the tunica muscularis (see A) there is loss of signal with gradual increase in signal as cells migrate into the peritoneal cavity and presumably differentiate to a mucinous phenotype. (D) *Smad3/Rag-DKO*, 1.5% DSS Strong cytoplasmic signal is present in the neoplastic epithelium lining mucinous peritoneal cysts and in free floating cells within the mucin pools (**P**).](pone.0079182.g006){#pone-0079182-g006}

![Differential staining patterns between macrophage and epithelial cell markers.\
Representative images of formalin-fixed paraffin-embedded mucinous adenocarcinoma from a *Smad3/Rag-DKO* 1.5% DSS animal stained for galectin-3 (A), the macrophage marker F4/80 (B) and wide spectrum cytokeratin (C). (A) Galectin-3 staining is variable in the neoplastic epithelium with loss of signal in the invasive and less differentiated glands within the muscular tunics (MT). There is increased cytoplasmic signal in the epithelium lining the peritoneal mucinous lesions (P indicates peritoneal cavity). Note that activated macrophages express galectin-3 and F4/80 (B), whereas only the colonic epithelium is positive for cytokeratins (C).](pone.0079182.g007){#pone-0079182-g007}

DSS-induced Squamous Metaplasia and Low Grade Dysplasia in Distal Colon of DSS-exposed Mice {#s3g}
-------------------------------------------------------------------------------------------

As has been noted with DSS colitis previously [@pone.0079182-Perse1], [@pone.0079182-Hale1], [@pone.0079182-Loddenkemper1], the distal portion of DSS-treated colons often develop squamous metaplasia in concert with robust re-epithelialization. In both *Smad3^−/−^* and *Smad3^+/−^* mice, distal colons often appeared thickened and bulbous ([**Figure 4A & C**](#pone-0079182-g004){ref-type="fig"}). Histologically, the squamous metaplasia was characterized by distal colonic crypts lined by squamous epithelium ([**Figure 4H**](#pone-0079182-g004){ref-type="fig"}). The distal colonic hyperplastic and metaplastic lesions had variable galectin-3 staining with regions of nuclear and cytoplasmic, nuclear only or no signal within the proliferative regions (data not shown). Given the longitudinal mucosal folds present in the distal colon of mice and high potential for rectal prolapse in colitis, the distal colonic and rectal squamous lesions were conservatively classified by morphology ([**Table 3**](#pone-0079182-t003){ref-type="table"}). There were no frankly invasive squamous lesions noted beyond the submucosa in numerous serial recuts of suspicious foci.

Squamous cell metaplasia developed to varying degrees in all mice exposed to DSS regardless of the presence or absence of the *SMAD3* allele and a comparison in *Smad3^−/−^*, *Smad3^+/−^* and WT mice exposed to two different DSS regimens (single cycle of 1.5% DSS or 9 cycles of 1.5% DSS) is shown in [**Figure 8A**](#pone-0079182-g008){ref-type="fig"}. Increased exposure to DSS (1.5% DSS vs. DSS cycles) was associated with increased squamous metaplasia in both *Smad3* ^−/−^ and *Smad3* ^+/−^ mice (*P* = 0.0131 and 0.0039, respectively, Mann-Whitney). Additionally, *Smad3^−/−^* mice given DSS cycles had elevated squamous metaplasia scores compared to WT mice given the same treatment. No squamous metaplasia was detected in either *Smad3^−/−^* or *Smad3^+/−^* control animals given untreated water ([**Figure 8A**](#pone-0079182-g008){ref-type="fig"}). Although the occurrence of squamous metaplasia in the distal colon was not dependent on the absence of *SMAD3*, low grade dysplasia of squamous lesions only occurred in *Smad3^−/−^* mice ([**Figure 8B**](#pone-0079182-g008){ref-type="fig"}). Incidence of low grade dysplasia in either 1.5% DSS or cycles DSS-treated *Smad3* ^−/−^ mice was significantly higher (*P* = 0.0002 and 0.0461, respectively, Fisher exact test) than *Smad3* ^−/−^ animals given untreated water. Low grade dysplasia was not detected in any DSS-treated WT or *Smad3^+/−^* mice ([**Figure 8B**](#pone-0079182-g008){ref-type="fig"}).

![Squamous metaplasia and dysplasia in distal colons of DSS-treated *Smad3^−/−^* mice.\
*Smad3^+/−^*, *Smad3^−/−^* and WT mice were treated with either 1.5% DSS for one or 9 cycles. Experimental endpoint was 17 weeks. (A) Squamous cell metaplasia was scored as described in [Table 3](#pone-0079182-t003){ref-type="table"}. Pairwise comparisons between DSS-treated groups were via Mann-Whitney test. B) The same region of the distal colon as in (A) was scored for squamous cell dysplasia. No high grade (grade 3 or 4) dysplasia was detected. Incidence of dysplasia was compared via Fisher exact test. *\*P*≤*0.05, \*\*P*≤*0.01, \*\*\*P*≤*0.001, \*\*\*\*P*≤*0.0001*.](pone.0079182.g008){#pone-0079182-g008}

Discussion {#s4}
==========

DSS-induced colitis is a popular model used to study bowel inflammation because of the ease of administration and the ability to induce disease in many different strains of mice [@pone.0079182-Mahler1]. It is commonly used in concert with a carcinogen to induce inflammation-associated carcinogenesis [@pone.0079182-DeRobertis1]. We have utilized DSS to induce inflammation and cancer without the use of an additional carcinogen, in TGFβ signaling-deficient *Smad3^−/−^* mice [@pone.0079182-Zhu1], which are defective in one of the most common signaling pathways mutated in human colorectal cancer. Invasive carcinoma readily develops in DSS-treated *Smad3^−/−^* mice within a similar time frame seen in AOM/DSS-induced cancer models [@pone.0079182-DeRobertis1], [@pone.0079182-Clapper1], [@pone.0079182-Tanaka1] and in a relatively short time frame compared to inflammation-induced cancer induced by DSS alone [@pone.0079182-Clapper1]. Also similar to AOM/DSS-induced cancer models, disease severity in DSS-treated *Smad3^−/−^* mice is modulated by altering the exposure of mice to DSS [@pone.0079182-Suzuki1]. The spectrum of lesions that develop in DSS-treated *Smad3* ^−/−^ mice also exhibit characteristics of some human diseases such as colitis cystica profunda (CCP) and pseudomyxomatous peritonei (PMP), the latter of which has not been discussed in relation to other DSS-associated cancer models. Herein, we have described both the clinical course as well as the spectrum of pathology induced by DSS in *Smad3* ^−/−^ mice.

Acute DSS-colitis is thought to be initiated by the toxic effects of DSS on the gut epithelium [@pone.0079182-Cooper1], [@pone.0079182-Ni1], with crypt loss and erosions being the first histopathological changes prior to inflammation. Although acute clinical disease peaks day 7--9 post administration of DSS in WT mice, tissue repair is evident at this stage. Significant tissue repair restoring the damaged epithelium typically occurs by two weeks post DSS. By five weeks, most of the epithelium has regenerated except in foci which have developed chronic colitis [@pone.0079182-Dieleman1]. Our studies demonstrate that SMAD3 is important in the repair phase of DSS-induced colitis, as most 3% DSS-exposed *Smad3^−/−^* mice succumbed to disease prior to 5 weeks post DSS treatment. How deficiency of SMAD3 affects tissue healing has been an active area of research with conflicting results depending on the tissue studied and model used [@pone.0079182-Owen1], [@pone.0079182-Ashcroft1], [@pone.0079182-Arany1], [@pone.0079182-Tokumasa1]. In the gut, increased proliferation of the mucosal epithelium in response to injury has been shown in *Smad3^+/−^* mice [@pone.0079182-Tokumasa1] as well as *Smad3^−/−^* mice [@pone.0079182-Owen1]. In the later study, using an acid injury approach, Owen et al. demonstrated increased proliferation of epithelial cells, no increased apoptosis, but decreased tissue repair. The authors show data to support the hypothesis that impaired healing of damaged intestinal mucosa in *Smad3* ^−/−^ mice was the result of disrupted cell migration to the wound [@pone.0079182-Owen1]. Additional studies compliment these findings by demonstrating that monocyte infiltration of wounds is deficient in *Smad3^−/−^* mice [@pone.0079182-Ashcroft1] and that the lack of SMAD3 results in deficient extracellular matrix production [@pone.0079182-Arany1], [@pone.0079182-Latella1].

Reduced exposure of *Smad3^−/−^* mice to DSS allowed animals to survive the acute phase of disease and was associated with development of colon cancer at later time points. The propensity toward colon cancer development in *Smad3* ^−/−^ animals is likely attributable to many abnormalities. First, the repair issues in DSS-treated *Smad3* ^−/−^ mice unveiled at higher DSS concentrations may manifest as a 'leaky repair' at lower DSS concentrations resulting in chronic exposure to gut microflora and subsequent chronic inflammation. Second, immune cells in unmanipulated *Smad3^−/−^* mice are dysregulated and express increased levels of proinflammatory cytokines compared to WT mice [@pone.0079182-Zhu1], [@pone.0079182-MaggioPrice1]. Last, the repair and immune abnormalities, in concert with elevated oncogene expression (*c-myc*) in *Smad3* ^−/−^ epithelial cells [@pone.0079182-MaggioPrice1], may favor increased progression to cancer as compared to *Smad3* ^+/−^ and WT animals.

In contrast to the disease-promoting role of the dysregulated immune response in *Smad3^−/−^* mice, our data also demonstrate that adaptive immune cells play a protective, SMAD3-independent role in DSS-induced disease as *Smad3^−/−^* mice lacking T and B cells (*Smad3/Rag*-*DKO* mice) developed increased DSS-induced inflammation and cancer compared to T and B cell sufficient *Smad3^−/−^* mice. This result is the same as in our previous studies where *Helicobacter* was used to induce disease in *Smad3^−/−^* mice [@pone.0079182-MaggioPrice2]. Although we did not compare disease in *Smad3/Rag-DKO* mice to *Rag2^−/−^* control mice in the studies reported here, we and others have investigated inflammation-associated cancer development in *Helicobacter*-infected *Rag2* ^−/−^ mice indicating that tumor development in these control mice are minimal in the time frames over which our studies were completed [@pone.0079182-MaggioPrice2], [@pone.0079182-Erdman1], [@pone.0079182-Boulard1], [@pone.0079182-Erdman2]. Others utilizing *Rag-*deficient animals in inflammation-associated colon cancer studies [@pone.0079182-Becker1], [@pone.0079182-Thaker1] administer both AOM and DSS, suggesting that factors in addition to inflammation are needed for robust tumor induction in *Rag*-deficient animals.

Minimal tumor formation in DSS-treated *Smad3^+/−^* compared to DSS-treated *Smad3^−/−^* mice suggests that the presence of at least one copy of *SMAD3* is sufficient to protect mice from development of dysplasia and invasive carcinoma. However, *Smad3^+/−^* mice did develop clinical signs of colitis, including bloody diarrhea and weight loss, but only a small number of animals developed severe disease requiring euthanasia. IBD scores at study end points were reduced compared with *Smad3^−/−^* mice and were similar to IBD scores in WT mice; tumor occurrence was rare in *Smad3^+/−^* mice.

DSS exposure induced a wide range of lesions in *Smad3^−/−^, Smad3^+/−^* and *Smad3/Rag-DKO* mice. We have used conservative criteria to classify invasive neoplasia using previously described morphological characteristics [@pone.0079182-Boivin1] which are similar to those used for human patients [@pone.0079182-Washington1], [@pone.0079182-Hamilton1]. Although the most common morphological type induced was mucinous adenocarcinoma (MAC), the there was a spectrum of proliferative lesions with variable gal-3 staining (**6**). Poorly differentiated invasive adenocarcinoma lacked gal-3 staining and well-differentiated mucinous adenocarcinomas had cytoplasmic gal-3 staining. Decreased galectin-3 signal in poorly differentiated regions of human tumors has been reported [@pone.0079182-Lotz1], [@pone.0079182-ArfaouiToumi1]. The location of gal-3 signal is considered to be important prognostically in the characterization of human colorectal cancer where loss of nuclear localization is reported as part of the neoplastic progression [@pone.0079182-Lotz1]. However, Schoeppner (1995) and Endo (2005) noted increased gal-3 associated with high grade dysplasia and invasive tumors and distant lymph node metastasis [@pone.0079182-Schoeppner1], [@pone.0079182-Endo1].

We recognize the controversy over the designation of neoplasia (especially MACs) in this and other mouse inflammation-driven colon cancer models due to the fact that the mouse colonic epithelium often has a florid reparative response that mimics dysplastic morphology [@pone.0079182-Perse1], [@pone.0079182-Percy1] and that frank metastatic disease has only rarely been reported [@pone.0079182-Washington1], [@pone.0079182-Zhu1]. The reasons for the paucity of metastatic disease in the mouse model is likely multifactorial. The biology and humane use of mice may limit chances to induce and detect metastatic disease. Mice are frequently euthanized prior to development of macroscopic metastatic disease due to the impact of the primary tumor on the morbidity of the individual animal via secondary lesions such as intussusception, severe tumor associated inflammation, impaction or compression of abdominal organs. Surgical debulking of tumors to allow more time for development of metastatic disease is rarely done.

DSS-exposed *Smad3^−/−^* mice may be a useful animal model since they develop a spectrum of changes, some of which have similarities to human gastrointestinal lesions. The spectrum includes colitis with and without florid reparative hyperplasias (adenomatous hyperplasia), hyperplasia with herniation resembling colitis cystica profunda (CCP) [@pone.0079182-Molavi1], adenomas, disseminated peritoneal adenomucinosis similar to that described in humans as a subtype of pseudomyxomatous peritonei (PMP) [@pone.0079182-Ronnett1], adenocarcinomas and mucinous adenocarcinomas. In humans, the differential diagnoses for space-occupying mucinous lesions of the colon and abdomen may include CCP, PMP and invasive mucinous colorectal adenocarcinoma (MAC). CCP is a result of inflammation coupled with herniation of mucosa into the submucosa. Mucin-filled retention cysts result in expansion of the submucosa and often rupture, mimicking invasive carcinoma [@pone.0079182-Molavi1]. PMP is a clinicopathologic syndrome of mucinous ascites and peritoneal lesions histologically characterized by mucin-producing well differentiated epithelium associated with pools of extracellular mucin and fibrosis forming expansile cysts. These are pathologically classified as disseminated peritoneal adenomucinosis (DPAM) and are thought to arise from ruptured low-grade mucinous tumors (adenomas) of the appendix [@pone.0079182-Ronnett1]. Morbidity is a result of bowel obstruction secondary to mucus accumulation and fibrosis rather than metastatic spread. A more aggressive form of PMP, peritoneal mucinous carcinomatosis (PMCA), is diagnosed histologically due to the increased amount of mucinous epithelium with notable cytological atypia and complexity often with parenchymal organ involvement and lymph node metastasis [@pone.0079182-Ronnett2]. It is possible that the lesions previously described in the various mouse models of inflammation-induced colon cancer also represent a morphological spectrum of lesions including CCP and PMP in addition to the reported carcinoma. An evolution of the consensus criteria for the classification and diagnosis of these controversial mucinous lesions in mouse models of inflammation-driven colorectal cancer and the validity of these designations in respect to the human conditions (CCP, PMP and invasive colorectal MAC) should be considered.

Supporting Information {#s5}
======================

###### 

**Purified diet and ventilated caging worsens disease in** ***Smad3^−/−^*** **mice.** *Smad3^−/−^* mice were placed on either AIN93M purified diet or rodent chow 5053(Purina) 10 days prior to treatment with DSS. Because of rapid development of disease, animals receiving 2% and 3% DSS were necropsied at day 6. Animals given 1.5% DSS were necropsied at day 10. Weight loss (A) *Smad3^−/−^* mice receiving purified AIN93M diet lost significantly (student's T test) more weight than*^−^* mice on rodent chow 5053. (B) IBD scores are significantly (Mann-Whitney) higher in *Smad3^−/−^* mice fed purified AIN93M diet. (C) Mice from two separate studies in two different caging systems (microisolator and ventilated) were given 1.5% DSS for 7 days. Survival was significantly decreased for mice housed in ventilated caging possibly due to increased water intake due to decreased humidity in ventilated cages compared to static caging.

(TIF)

###### 

Click here for additional data file.

###### 

**Histopathology scores of DSS-treated** ***Smad3^+^*** ^**/−**^ **and WT animals treated with varying doses of DSS.** *Smad3^+/−^* and WT mice were treated were treated with either a single DSS cycle or 9 cycles of DSS. A) IBD scores are shown for individual animals in each treatment group. Significant results of pair-wise comparisons (Mann-Whitney) of DSS-treated animals comparing WT vs. *Smad3^+/−^* genotypes as well as the different levels of DSS exposure among the same genotype are indicated. Summed dysplasia scores (B) were not significantly different from zero (Wilcoxon signed-rank test). *\*P*≤*0.05, \*\*P*≤*0.01*.

(TIF)

###### 

Click here for additional data file.
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